INTRODUCTION
It is generally agreed that there is no single solution to the problem of reducing energy use and the gaseous and particulate emissions arising therefrom. The problem must be approached from several angles. Notably, Pacala and Socolow (2004) have suggested 15 "wedges" each aimed at reducing carbon emissions; selection of which wedges to use, and the degree of implementation for each, is left to policymakers or individuals.
One of the more ambitious, but demonstrably achievable, ways to reduce energy use involves "zero energy" houses (ZEHs), which use little energy compared to most homes, or may be net producers of energy (Torcellini et al., 2006) . Less ambitious measures provide correspondingly reduced benefits, in terms of energy and carbon savings, for individual households. These measures include use of compact fluorescent lights, windows that transmit light but not heat, and walls composed of structural insulated panels. Most of these measures save money over a period of years, if not almost immediately. The March 2009 issue of National Geographic Magazine had a feature article on energy savings starting in the home. It was shown that in many cases one can save energy, carbon emissions, and money all at the same time.
Among the easiest approaches to energy, and cost, savings for most people is the adjustment of thermostats to save energy. Here we estimate savings of energy, carbon, and money in the United States of America (USA) that would result from adjusting thermostats in residential and commercial buildings by about half a degree Celsius downward during the heating season and upward during the cooling season. To obtain as small a unit as possible, and therefore the least likely to be noticeable by most people, we selected an adjustment of one degree Fahrenheit, (1°F) which is 0.56 degree Celsius (0.56°C). This is the gradation used almost exclusively on thermostats in the USA and is the smallest unit of temperature that has been used historically.
Heating and/or cooling of interior building space for personal comfort is sometimes referred to as space conditioning, a term we will use for convenience throughout this work without consideration of humidity. Thermostat adjustment, as we use the term here, applies to thermostats that control the indoor temperature, and not to other thermostats such as those on water heaters.
We track emissions of carbon only, rather than of carbon dioxide, because carbon atoms change atomic partners as they move through the carbon cycle, from atmosphere to biosphere or ocean and, on longer time scales, through the rock cycle. To convert a mass of carbon to an equivalent mass of carbon dioxide (thereby including the mass of the 2 oxygen atoms in each molecule) simply multiply by 3.67.
Our results are a set of factors for scaling a 1°F thermostat adjustment to the resulting savings of energy, carbon emissions, and money. Larger adjustments than 1°F will result in correspondingly larger savings increases as long as the indoor temperature does not closely approach the outdoor temperature, in which case savings would be reduced. Thermostat adjustments are easy to make, and the resulting comfort level can be determined by building occupants. We investigated only the residential and commercial sectors of the economy, where about half the total energy used goes for heating, ventilation and air conditioning according to the Residential and Commercial Energy Consumption Surveys conducted by the Energy Information Administration (EIA) of the United States Department of Energy (EIA, 2005 (EIA, , 2005a . The industrial sector uses large amounts of energy for manufacturing purposes such as machine drives, electrochemical processes, coking, and process heat, but less than 10% of the energy used by the industrial sector is used for heating and cooling (EIA, 2006) .
METHODS

General Methodology
Introduction
In this section, we present our generic methodology, including some introductory material about the relationship of energy use to air temperature. Methodological details are given in Section 2.2. We attempted to relate energy-use to temperature using a series of simple linear steps involving the concept of degree-days, discussed below. Because the relationships involved are not linear over the annual range of temperature, we used a series of linear relationships each corresponding to one calendar month. The use of individual calendar months also precluded aliasing of seasonal variables such as lighting and cooking that are not related to space conditioning but which use energy in an annual pattern that coincides with outdoor temperature. Calculations were done for the nation as a whole, and for each of four regions. Regional results were aggregated nationally for comparison with results for the nation as a whole. In general, the two approaches gave similar results although the regional calculations were more precise and summed to a national value about 12% higher than the results for the nation as a whole.
Energy use in buildings was measured by consumption of electricity, natural gas, and liquid fuel in the residential and commercial sectors. Energy derived from specific fuels is proportional to their respective heat contents, which are given in Appendix A of each issue of Monthly Energy Review, published by EIA. Once energy-use savings are estimated, corresponding savings in carbon and money can also be estimated. Oxidized carbon emitted per unit of heat realized from combustion of each of several commonly used fuels is given by the United States Environmental Protection Agency (EPA, 2012) . Carbon emitted per unit of electricity generated, or delivered, can be approximated from the mix of fuels used by generating plants or by direct measurement of emissions (Rothschild et al., 2010) , as discussed below. Monetary savings can be calculated from the price of energy to residential and commercial customers, which is readily available from sources identified in Table 1 . This table serves as a convenient way of summarizing the large number of data sources we use. In Figure 1 , we show the relationship between monthly mean outdoor air temperature for individual months and corresponding per capita electricity use, in kilowatt-hours (kW-h) per person, in the residential (a) and commercial (b) sectors of the economy in Florida for years 2002-09. Over 80% of the households in Florida heat with electricity (i.e., electricity is generally used for both heating and cooling) according to the State Energy Profiles referenced in Table 1 . The amount of electricity required for space conditioning does not change much between 60° (16°C) and 70°F (21°C), but increases as the outdoor temperature departs either way from that comfort zone. After fitting a quadratic curve to the plot of per capita residential electricity use vs. outdoor temperature ( Figure 1a ) the inflection point was calculated as 66.0° F (18.9°C). Use of data from an arid region might have led to a different inflection point.
In Figure 1b , which applies to the commercial sector, the inflection point is 61.6°F (16.4°C) and the slope of the curve does not depart from zero as much as it did for the residential sector at temperatures below that point. Commercial structures include restaurants, where appliances generate much internal heat that keeps indoor temperatures at or above the comfort level even when outdoor temperatures would require residential dwellings to heat for space comfort. Other commercial buildings include offices that may have even fewer appliances than most residential dwellings, although they may have office equipment to generate internal heat.
Commercial buildings frequently require less space conditioning than residential buildings during late-night or early-morning hours. The inflection point for commercial buildings likely varies from one type of building to the next, and from one region to another; as is well known to architects and engineers who design and construct such buildings. 
Heating and cooling degree-days
In the absence of space-conditioning equipment, a one-degree change in outdoor temperature can be thought of as a one-degree change in indoor temperature. Once an indoor comfort level has been exceeded, adjusting that comfort level by one degree is considered equivalent to changing the outdoor temperature by one degree. When space-conditioning equipment is required to bring indoor temperatures to a comfortable level, the energy required is proportional to the difference between the outdoor temperature and the desired indoor temperature. These concepts are expressed numerically as heating degree days (HDD) or cooling degree days (CDD), which are calculated as the departure of the outdoor temperature from a comfortable value, which is typically taken to be around 18°C. In the USA, the conventional value is 65°F, which is approximately the inflection point in Figure  1a . Heating degree-days (HDD) are calculated by subtracting each daily average Fahrenheit temperature from 65 and cooling degree-days (CDD) are calculated by subtracting 65 from each average daily Fahrenheit temperature. Daily values are then aggregated into monthly values, so that both HDD and CDD can accrue during any given month, especially in a climatically moderate month when the average daily temperature is frequently above, and frequently below, 65°F (18°C) and some energy may be used for heating as well as for cooling. Use of a comfortbased variable increases the correlation with energy consumption for space comfort.
Heating and cooling degree-days are frequently used to estimate energy needed for space conditioning. Degree days are incorporated in the formulation of building codes (International Code Council, 2003) , and used in practice (Lucas et al., 2007) Rosenthal et al., 1995 , Hadley et al., 2006 frequently use degree-days for estimating energy requirements for space conditioning. While degree-days are the method of choice for estimating space conditioning needs from daily temperatures, the method has several shortcomings as conventionally practiced:
(1) Calculations are made from a base temperature of about 18°C (65°F). Use of that temperature is somewhat arbitrary; the most appropriate values might be different for heating than for cooling, and different values for either might be appropriate for different parts of the country. In restaurant kitchens, for example, cooling often starts well before outdoor temperatures reach 18°C. This is because indoor temperatures are influenced by heat from ovens and stoves, incandescent light bulbs, and body heat from a high density of people. Rosenthal et al. (1995) used other base temperatures, including 10°C (50°F) for commercial buildings. The National Climatic Data Center is considering calculation of CDD from a variety of base temperatures (Vose, personal communication) .
(2) Degree days are calculated from daily average temperatures. It might be better to calculate degree-hours if enough reliable climate data were available.
(3) Because energy use for space conditioning is limited during periods of moderate temperature, the relationship between degree-days and temperatures is not linear over the course of a year. Thus, for example, in the southern USA, energy requirements for space cooling would not be much different in a warm April than in a cold one.
In spite of these shortcomings, degree-days are believed to be a reasonable approach to approximating energy savings resulting from changes in thermostat settings. We obtained temperature and degree-day data from the National Climatic Data Center (NCDC) as indicated in Table 1 . These data are available at the national, regional and state level and based on 65°F.
In an area as large as the USA, temperature anomalies are frequently of one sign in much of the country and of the opposite sign in the remainder. Degree-days are weighted by population, to provide a better match to national energy-use anomalies than would (area-weighted) temperature. Analyzing smaller areas further improves the correlation between degree-days and energy use, although our national study led to about the same results as those obtained when we considered four regions separately and combined the results to obtain a national total.
This degree of agreement in results was largely due to the population weighting of degree-day data. Using many years of data for any particular calendar month, a regression-based straight-line equation can be used to estimate monthly degree-days from monthly mean temperature. In Figure  2 we show the relationship of national (area weighted) monthly average temperature to national (population-weighted) average degree-days for January, April and July. There are many more HDD than CDD indicating that space heating dominates space cooling in the USA.
The slopes of the lines in Figure 2 are in units of degree (F) days per degree (F), or days. They can vary from almost zero, when the number of days in a month requiring a particular mode of space conditioning is essentially zero, to small values during climatically moderate months, and further to the number of days in a month for months when heating (or cooling) is required continuously everywhere within the area of study. In January, the HDD slope is -27 indicating that heating is not needed 24 hours of every day in some parts of the nation. In July the slope of the CDD line indicates that air conditioners would be needed only about 56 percent (17.4/31) of the time (including day and night), on average, over the USA. When space conditioning is required, one can think of the energy required for a one-degree adjustment of indoor temperature as equal to a one-degree increase in outdoor temperature. Where space conditioning is required 24-hours a day, the heater or air conditioner is on for a certain percentage of the time, which depends on the amount of space conditioning, required (the difference between outdoor temperatures and the comfort level). If this constant need for space conditioning persists for an entire month, day and night, the slope of the line in Figure 2 will approach the number of days in the month. If no space conditioning is required in the evening hours, the slope might be around half of the number of days in a month, and if space conditioning is required only a few days, the slope would be even less. 
Monthly Mean Temperature°F°C Fahrenheit Degree Days
The range of CDD in July is around 100 but in April, a moderate month, that range is only about 40. In our regional study we derived separate sets of regression lines for four regions of the USA, and this led to slopes approaching the number of days in a month for HDD during the coldest summer months in the north, and for CDD during the hottest months in the south, as the temperature ranges were extended beyond those in Figure 2 .
Analysis of each calendar month separately minimized effects of lighting, cooking, and other seasonally variable energy uses not related to space comfort. Water heating remained the major use of energy that is thermally influenced but not related to space conditioning. More energy would be used in a cold December than in a warm one or in a warm July than in a cool one. These influences combine to produce an estimated high bias of about 0.2%-0.3% in our estimated savings, as elaborated in Section 5. The material that follows did not account for this bias.
Approximations used always bias the results. In many cases this led to a high bias (i.e., our estimates are higher than true values) and in other cases a low bias may have resulted. We have attempted to provide some idea of the direction and magnitude of these biases, although they are sometimes difficult or impossible to quantify and/or to document. Where a bias is given as a percentage, it is in terms of our calculated result (i.e., 1% means 1% of our calculated result).
Estimating energy savings
Energy-use data were converted to per capita figures to eliminate influences of population trends. This statistic seems more meaningful in the residential sector than in the commercial sector, but in either case, it measures average energy consumption per person. Population estimates were obtained from the United States Census Bureau (2012). Table 1 provides the reference and link to this material. These estimates apply to July 1 each year. Monthly values were interpolated between Julys. Results of the 2010 census altered our findings by less than 1% of the values we give here.
Energy and degree-day data were also first-differenced to minimize influences of any other trends that might be due to such things as fuel switching, increases in size of the average home, the number of air-conditioners per capita, or climate change. Eliminating influences of climate trends could have biased our results downward, but trend was only about 5% or less of the standard deviation, or of the average absolute departure from the mean. It is not clear whether we failed to include real phenomena or avoided inclusion of false correlations (e.g., with coincident trends in use of electronic appliances) by removing effects of trends in climate.
Per-capita energy consumption was then estimated from degree-day data for each calendar month using simple linear regression. These energy-consumption estimates represent the thermally driven component of total energy consumption. The slopes of the regression line are then in units of energy per person-month-degree-day.
When multiplied by the slope of the regression line-fitting degree-days to average temperature for the corresponding month, (in units of degree-days per degree) we obtained the thermally driven component of energy use per person-month-degree:
Note that the ratio of degree-days per degree is a unit of time, and provides an indicator of the time that space-conditioning equipment is needed for space comfort. It also relates outdoor temperature (degrees) to a measure of energy needed for a given level of space conditioning (degree-days).
Regression equations to estimate energy use from degree-day data were rejected if they did not pass a two-tailed t test at the 95% confidence level. This worked for about all the cases one would expect, although occasionally one month's savings were not included due to poorness of fit. This may have resulted in a slight underestimate of savings. 
Methodological details
Sources of national energy data
Detailed references and links to our data sources are given in Table 1 . National-level data on natural gas and electricity consumption for each sector of the economy are found in Monthly Energy Review, published monthly by EIA. Electricity data are always given in terms of kilowatthours (kW-h). Energy from natural gas at the national level is given in British Thermal Units (BTUs) where 3413 BTUs = 1 kW-h Estimation of savings from petroleum products was problematic. Temporal precision is obscured by the time lag between fuel delivery and consumption. State data for individual months are frequently not available or "withheld to avoid disclosure of individual company data" This problem tends to occur where relatively little heating fuel is provided by a small number of suppliers. Such regions are primarily outside of the northeastern USA; errors in attempting to estimate heating oil consumption in these regions could be of the same magnitude as the estimates themselves.
Some reasonably consistent time series are given for prime-supplier sales volumes in some of the Petroleum Administration for Defense Districts (PADDs); there are five PADDs in the USA, as shown in Figure 3 . We confined our studies to sales of No. 2 (heating) oil in PADDs 1a, 1b, and 2 and did not attempt to proceed further. These PADDs collectively account for over 90% of No. 2 fuel oil in the USA. About 6.5 % of homes in the USA heat with liquid petroleum gas (See link to State Energy Profiles given in Table 1 ).
Some No. 2 fuel oil is not used for space heating, but that which is provides a high correlation between its overall use and variations in degree days (average correlation coefficient for December, January, and February = 0.73). Not considering the No. 2 fuel used outside of PADDs 1a, 1b, and 2, or of liquid petroleum fuels anywhere led to a nontrivial low bias of 5-10% of our calculated national energy savings for heating, and of a few percent in our overall savings estimates. Most home-heating oil in the USA is consumed in the northeastern part; variations in this consumption are not much influenced by temperature anomalies elsewhere.
Therefore, we used population-weighted heating degree-days for U.S. Census Divisions 1-4, which coincides closely, but not exactly, with the area covered by PADDs 1a, 1b and 2.
(Oklahoma, Tennessee, Kentucky, Maryland, Delaware and the District of Columbia are included in these PADDs, but not in Census Divisions 1-4).
Estimating carbon and monetary savings
The amount of carbon emitted per unit of energy consumed varies from one fuel to the next. This is not true on a state-by-state basis, where imports or exports frequently constitute a large percentage of a state's electricity use (EIA, 2012a) thereby complicating calculations of carbon emitted per kW-h consumed for individual states -a topic discussed below under regional studies.
Only around 90% of electricity generated is delivered to customers; the remainder is used by generating plants or is lost as heat and electromagnetic energy in the lines and transformers used in delivery (EIA, 2012) . USA fossil carbon emissions per kW-h leaving a generating facility in year 2005 were on average about 1.33 lbs. of carbon dioxide per kW-h, or 164.4 grams of fossil carbon per kW-h (Rothschild and Diem, 2009) . Energy used by power plants is accounted for in this figure, but not energy lost in lines and transformers. Multiplication by 1.062 to allow for these transmission and delivery losses (Rothschild and Diem, 2009) gives 0.175 kg-C/kWh, which is the value we used for our national study.
This value has likely decreased somewhat in recent years, which would lead to a high bias in our estimated carbon savings. However, much of our calculated savings occur during very cold or very warm periods, which tend to have greater percentages of generated energy that are non-base load, or energy generated during periods of peak demand. In general, this extra energy is generated from fossil fuels and tends to have somewhat higher emissions per kW-h generated than base load energy, which is the more-or-less constant supply of electricity used for appliances, lighting, etc. The net effect of these conflicting biases (use of dated data and of baseload emissions values) is unclear.
Volumes of heating oil from prime suppliers were converted to energy units using the heat content value for distillate oil in Appendix A of each issue of Monthly Energy Review (=38.7 megajoules per liter). As sales of heating oil are not broken down by sector, we arbitrarily assigned them all to the residential sector.
Cost of energy
Energy prices to customers in the residential and commercial sectors were calculated for each month using average values from 2005 to 2009. The price of natural gas for each sector of the economy is given in Table 9 .11 of Monthly Energy Review in units of dollars per 1000 cubic feet which we then converted to the price of energy by the same general procedure as for heating oil above, using annual conversion factors (typically 1028 BTU/cubic foot, or 38.3 megajoules per cubic meter) from Appendix A of Monthly Energy Review. Electricity prices are given for each economic sector in Monthly Energy Review.
Number 2 distillate oil prices for the residential sector were obtained from the Petroleum Navigator site (see Table 1 ). Data are given in units of cents per gallon, excluding taxes, and therefore include a low bias. We weighted these data by PADD and converted to $/million BTU before proceeding from there to obtain $/kW-h. It should be noted that price data are subject to rapid change. We used residential prices only, introducing a high bias to counteract the low bias due to exclusion of taxes. Because heating oil accounts for a small percentage of national energy use for space heating, the result is a small net bias of unknown direction in our estimates of cost savings.
Cost of emitting a kg of carbon
Dividing the cost of a unit of energy by the amount of carbon emitted per unit of energy gives the cost of a unit of carbon (e.g., $/kg-C). This figure is useful for comparison with suggested carbon taxes (which are usually given in money per mass of carbon dioxide).
RESULTS OF THE NATIONAL STUDY
Introduction
The United States is large enough that some areas may experience below normal temperatures while other areas within the country may have above normal temperatures during the same season. Averaging across the nation is therefore subject to cancellation effects and may not be as accurate as if the calculations were done for smaller regions and the results aggregated nationally. Nonetheless, our first attempt was at the national level in order to provide a reasonable lower bound on the general magnitude of the expected savings. Table 2 shows the national annual energy savings, in Exajoules (EJ), for a 1°F thermostat adjustment in residential and commercial buildings. We consider primary energy that includes delivered energy plus energy losses in lines and transformers and energy used to run power plants. It also includes energy that is lost as a consequence of the second law of thermodynamics when heat energy realized from fuel combustion is transformed into electrical energy or passes through a heat exchanger; for electricity, these losses take place at the generating facility; for fuel oil or natural gas they take place in the heat exchanger of the furnace that heats a building. Energy saved from heating exceeds that for cooling even though everything was scaled to a 1°F thermostat adjustment. This is primarily because more heating than cooling is needed in most parts of the US. Total savings are largest for electricity, which would be expected due to the large energy losses involved in producing and transporting electricity. Only about one-third of the heat realized from fuel combustion is converted to electricity in accordance with the second law of thermodynamics. Table 3 shows the annual savings in carbon emissions resulting from a 1°F thermostat adjustment to save energy in the residential and commercial sectors of the economy. As with energy, carbonemissions savings from heating outweigh those for cooling in both sectors, and savings are greatest for electricity.
Energy Savings
Carbon Savings
National carbon savings (6.4 Tg-C) were compared with national emission totals for the USA, taken to be 1500 Tg annually (including gas flaring and cement manufacture but excluding emissions from U.S. territories and from international bunker fuels). This value for national emissions is consistent with values for recent years given by Boden et al. (2012 Boden et al. ( , 2012a For another comparison, this carbon savings would be equivalent to erasing the carbon footprint of over 5 million automobiles (average distance and fuel economy from Davis et al. (2012) , and assuming 2.43 kg-C (8.92 kg-CO 2 ) are emitted per gallon used, as per EPA (2012a). Table 4 shows the annual monetary savings corresponding to the carbon and energy savings above. Annual savings for the nation as a whole were estimated as almost 4.6 billion dollars.
Monetary Savings
Over 3.5 billion dollars of this was in the residential sector, from which it seems meaningful to calculate the annual per capita savings as about $11 per person. Census bureau figures give the average number of people per household as 2.58. Our estimated savings from national-level calculations are about $29 per household per year per 1°F thermostat adjustment to save energy. Figure 2 did not vary with temperature, which leads to nontrivial overestimates of the energy consumed. Additionally, it is not clear how EIA accounted for the thermally driven effects of water heating, or increased lighting and cooking during the coldest months. Dividing our costs for electricity and natural gas in Table 4 by the number of households using each respective fuel, according to State Energy Profiles cited in Table 1 , and adjusting for price differences between 1997 and our 2005-2009 averages gives figures for comparison. We get $14/year savings for natural gas, EIA got $22; we got $9 for electricity, EIA got $16. While differences in energy efficiency since 1997 could explain some of this, it could also be at least partly due to some combination of a high bias in the EIA estimates and a low bias in ours.
Unlike carbon savings (Table 3) , dollar savings for electricity (Table 4) were about the same as those for natural gas. This is because our prices were based on the amount of energy delivered to a residential or commercial building; energy lost to generate and deliver electricity occurs before delivery, while energy lost from natural gas combustion in a furnace of a residence or commercial building occurs after delivery. Another factor is appreciable price increases for natural gas and oil in the years we used (2005) (2006) (2007) (2008) (2009) ) to derive our price figures.
The dollar cost of emitting a kg of carbon for energy used in homes or commercial buildings can be calculated by dividing the total dollar savings by the total carbon savings. For the period 2005-2009, this was around $0.60/kg-C for electricity, $0.84/kg-C for natural gas, and $0.88 for no. 2 heating oil. Suggested carbon taxes may be compared to these figures; if a suggested tax is given in terms of carbon dioxide rather than carbon, multiply the given figures by 3.67 before comparing with those above.
REGIONAL STUDY
Introduction
Regional studies would be expected to provide more accurate estimates of carbon emitted per degree of thermostat adjustment because the energy use anomalies are in closer spatial proximity to the degree-day anomalies used in the calculation. Regional studies also reflect more closely the details involved, and should, when aggregated to the national level, indicate about the same or somewhat greater savings than calculated from national data only.
However, data often become limiting to such studies, as spatially refined data are more difficult to obtain than are nationally aggregated data.
We divided the country into 4 regions ( Figure 4 ) consisting of the northeast (U.S. Census Divisions 1-4), the Southeast, (Census Divisions 5-7), Mountain (Census Division 8) and Pacific (Census Division 9). The first 2 regions dominate the country in population and therefore in energy use, carbon emissions, and total energy costs. The other regions are of interest for their own sake. The Mountain region has large areas in the northern and southern United States, so no clear seasonal dominance is evident. The Pacific states, where most people live in climatically moderate areas, have about half the hydropower sources in the USA, and use appreciably less fossil fuels per capita than the rest of the country. Digitized degree-day data for states and census divisions are available from the National Climatic Data Center (NCDC). We weighted the census-division data by population to obtain data for our 4 regions. The population weighting assures that degree-days incorporate the number of people using heating or air conditioning equipment.
While our methodology for the regional study was generically similar to the national-level study, above, it was much more limited in terms of energy-use data. Monthly electricity data for each state and economic sector are published in Electric Power Monthly (See Table 1 for references and links). These data only begin in February 2002. Amounts of fuels used to generate electricity are recorded over a longer period, but electrical energy is used far from where it is generated, and this study involves consumption rather than generation.
With only 8 data points for electricity consumption for most months (7 for January), generally accepted statistical significance levels are seldom attained regardless of the goodness of fit. We therefore lowered the acceptability criterion of a linear fit to 4-1 odds in the expected direction (1-tailed t test giving 80% confidence); which eliminated some cases, mostly involving HDD in the commercial sector, especially in the Southeast region of the country. In some other cases, the CDD were not well correlated with warm season temperatures in the commercial sector. In general, relationships excluded by this procedure were similar to those excluded by the more rigorous procedure for the national study used above. Because of the small number of data points and the lack of obvious trends, we did not first difference the data and thereby lower the number of data points even further.
Twenty years (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) of almost complete natural gas sales and price data were available on a state-by-state basis in Natural Gas Monthly, so we could afford to return to the statistical-fit criterion used in our national study. We also used first differences of the data because a longer data period increases the likelihood of long-term trends unrelated to temperature and/or to degree-day totals. The data are given in cubic feet of natural gas, and we used the (nationally aggregated) heat-content values in Table A -4 of each issue of Monthly Energy Review to convert these data to BTUs and then to kW-h or MJ (1 kW-h = 3413 BTU = 3.6 MJ).
In our national-level study, we only considered heating oil from PADDs 1a, 1b, and 2. The collective area covered by these PADDs corresponds closely with United States Census Divisions 1-4, which we designated as the "Northeast" in our regional studies. As noted above, the PADDs include 5 states (Oklahoma, Tennessee, Kentucky, Maryland and Delaware) and the District of Columbia that are not included in the 4 census divisions we grouped as the Northeast. Degree-day anomalies in those states are not likely to be much different from those in the 4-division region. Essentially we assumed all sales of Number 2 heating oil in the 3-PADD area occurred in the census divisions 1-4, which is not far from reality, and which is as close as deemed necessary for our level of approximation. The resulting high bias in overall heating savings for the northeastern region would be more than cancelled at the national level by neglecting use of heating oil outside of PADDs 1a, 1b, and 2. Neglect of this heating oil, and of liquid petroleum gas, would lead to a nontrivial low bias in heating savings, 5-10% of our estimated value for the nation as a whole, and of a few percent in our overall savings estimates from heating and cooling.
Estimating carbon and monetary Savings
To calculate the amount of carbon emissions per kilowatt-hour consumed, one needs to know how the electricity was generated. This varies considerably from time to time and place to place within the country. Aggregated numbers for each state are available in Rothschild and Diem (2009) .
Losses of electrical energy occur in transmission from the generating plants and distribution to consumers. Therefore, some multiplier is needed to account for the carbon emitted in generating the electricity lost in transmission. EIA uses 7% (AER) while Rothschild et al. (2010) suggest the national value is closer to 6%. We approximated by applying the values given by Rothschild et al. (2010) for the eastern grid to our Northeast and Southeast regions, and their values for the western grid to our Mountain and Pacific regions. The transmission issue raises 2 other difficult but related questions: (1) How much electricity consumed in a state or region was actually imported from other places; (2) How much electricity generated in a region was exported to other places. As noted above, the net imports for the USA as a whole are less than 1% of the amount generated (EIA, 2012) . However, this is not true or even acceptably close to true, for some areas within the country.
For information on the net transfer of electricity, we consulted the State Electricity Profiles (See Table  1 for reference information) and summed imports and exports over the states within each of our selected regions. Exporting regions (Northeast and Mountain) were assumed self-sufficient and importing regions (Southeast and Pacific) were assumed to use their own generated electricity and to import the rest. Imports for the Southeast were factored in as though they all came from the Northeast, and imports for the Pacific section were factored in as though they were all from the Mountain section, although California imports a small amount from Mexico. State energy prices were obtained from Electric Power Monthly (Table 5 .6) and Natural Gas Monthly and (Tables 14-23) the populationweighted average (2005) (2006) (2007) (2008) (2009) ) prices for each month were then calculated for each of our regions. Results are shown and discussed below. Number 2 distillate oil has been discussed in Section 2.2.3.
Results of the regional study
Energy Savings
Energy savings by region and for the nation as a whole are summarized in Table 5 . National savings from heating are greater than from cooling, mostly due to the length of the heating season in the Northeast. Savings from cooling are greatest in the southeast, as would be expected. Total savings for the nation are greatest in the northeast, where the greatest numbers of people live.
Savings for the Mountain section are somewhat higher for heating than for cooling, as the heating season is longer than the cooling season over much of the region. The Pacific states enjoy a moderate climate that requires relatively little air conditioning.
Total savings is 0.482 EJ; USA primary energy supply (not including exports) for 2009 (the latest year for which data were available as this was written) was 99.68 EJ, so the energy savings would be 0.48% of the nation's supply. It is possible that a different base for CDD pertaining to commercial establishments would have given higher energy savings from commercial cooling, as explained above. During the warm season, restaurants heat indoor air with energy from electrical appliances, and then cool it down again with electrical energy. Residences tend to do the same, as incandescent lights and other appliances are heat sources, although the effect is not nearly as great as in a restaurant.
Carbon Savings
Carbon savings by region and for the nation as a whole are summarized in Table 6 . Almost 0.5% of the nation's carbon emissions could be eliminated by energy-saving thermostat adjustments of 1°F. Space-conditioning requirements are clearly dominated by heating in the northeast and by cooling in the southeast. The mountain region has large areas in the northern and southern United States so no clear seasonal dominance is evident. The Pacific coast has a mild climate and a low carbon-toelectricity ratio due to reduced coal burning and large hydropower resources. Electricity imports from other regions, which reduce carbon emitted from this region, have been accounted for as explained above. About half of the hydropower in the USA is generated in the 3 states comprising our Pacific region. This leads to a reduced need for hydrocarbon combustion to provide energy. The result is lower carbon emissions per capita and less per-capita carbon savings from additional energy conservation measures, as some carbon has already been saved. Total carbon savings are over 7 Tg-C annually, which would be enough to offset the carbon emissions of about 1.4 million people. Standard Metropolitan Statistical Areas (SMSAs) with populations of about that number of people include Jacksonville, FL, Memphis, TN-MS-AR, and Louisville/Jefferson County, KY-IN (U.S. Census Bureau, 2012). Any one of these SMASs could have their carbon footprint approximately erased by a 1°F thermostat adjustment to save energy. Based on the same sources given in Section 3.3, this could also be expressed as the equivalent of erasing the carbon footprints of 5.7 million automobiles. Table 7 is a summary of monetary savings resulting from a 1°F thermostat adjustment to save energy. Savings for a typical individual would be the residential savings divided by the population, or about $13 per year. For a typical household, savings would be about 2.58 times that, or a little over $33. Savings per person are lowest in the climatically moderate Pacific section. Total annual savings would be about 4 billion dollars for the residential sector, and around 5 billion dollars for both sectors. *Differences between sums and totals are due to rounding
Monetary Savings
WATER HEATING
Much of the electrical energy for lighting and cooking is also inadvertently used for heating, thereby contributing to comfortable conditions during the cold season and adding to the cooling burden in hot months when additional electricity for air conditioning is used to overcome it. Because lighting and cooking for a given calendar month do not change appreciably from one year to the next, our approach of analyzing one calendar month at a time circumvented these difficulties. However, a particularly cold January will require additional electricity for water heating, while the opposite is true for a particularly hot July, when increased space-cooling demand is somewhat compensated by decreased water heating requirements. In the former case, the additional demand for water heating would lead to an increase in energy-use anomaly, which would be falsely attributed to space comfort; in the latter case, the reduced demand for water heating would hide some additional demand for space cooling. In the former case, this would lead to an overestimate of energy savings, in the latter case it would lead to an underestimate.
The problem is further complicated because homes cooled with electric power may have natural gas water heaters, and households heated with natural gas may use electricity for water heating. Because of the complications involved, we present our methodology for dealing with water heating in the appendix.
We investigated the residential sector only, as we were interested in a general impression of water-heating effects; the commercial sector is more complicated to analyze for reasons related to degree-day calculations, as explained above. Additionally, water-heating requirements are often higher for establishments dealing in food or food services, to satisfy local health requirements.
In each of the most populated regions, where estimated energy savings were large, the net corrections resulted in changes of less than one percent of our original national estimates. These small percentages hide much larger seasonal changes, particularly in the southeast where a relatively high percentage of homes use electricity for both space heating and water heating (EIA, 2005a (EIA, , 2009a ). Southeastern energy savings for space heating with electricity was reduced to 89 percent of our originally estimated value while electrical energy for space cooling went up by less than half that percentage. However, the originally calculated energy savings for cooling is a much larger number, so that after estimated savings are recalculated the net correction is a slight increase in our energy savings over the course of a year in the Southeast region. This increase in electrical energy was not completely compensated by the (relatively small percentage) decrease attributable to the use of natural gas for water heating, as relatively few people in the southeast use natural gas for water heating.
The recalculations including water-heating effects reduce the combined net outcome for the northeast and southeast, by less than 1 percent of the originally estimated savings. Calculated energy savings in the sparsely populated mountain region decreased by about 1 percent of our originally estimated value for that region when water heating was considered, while energy savings in the more populated Pacific region was reduced by about 2 percent of our originally estimated values.
The nationally aggregated result of considering water heating was a decrease in our calculated energy savings of less than 1 percent of our originally estimated value except for monetary savings which decreased by 1.6 percent. Ignoring this decrease added a slight high bias to our nationally aggregated estimates. As noted, Regional differences for particular seasons are relatively much larger, and are interesting enough to merit a separate study although for purposes of this exploratory study we did not consider them further.
BUT IT'S A DRY HEAT
Another regional difference that may merit further exploration involves dry vs. humid climates. High humidity leads to water condensation on the fins and coils of air conditioners, adding heat of condensation and inhibiting their cooling effect while removing some moisture from the conditioned space. This additional "latent heat load" results in more electrical energy being needed for a given amount of space cooling, and a correspondingly greater savings for a onedegree thermostat adjustment. We compared savings for residential air conditioning resulting from a 1°F upward adjustment in a dry climate, represented by Arizona, and in a humid climate, represented by Florida. Comparison was made for July, when average daily temperatures are about the same in both places and nighttime temperatures seldom dip below 65 °F.
Per capita energy savings in Florida (26 kW-h/person-°F) were estimated as about twice those in Arizona (13 kW-h/person-°F). Florida has more carbon emissions per kW-h than Arizona (Rothschild and Diem, 2009) , as a higher percentage of its electricity comes from fossil sources (State Electricity Profiles, see Table 1 ). The overall result is that a 1°F thermostat adjustment in Florida would save 4.64 kg-C/ person-°F for July. This is more than twice the carbon emissions per person as it would in Arizona (1.92 kg-C/ person-°F).
Cost per kW-h is also higher in Florida than in Arizona (Table 5 .6a of Electric Power Monthly). Therefore, Florida/Arizona monetary savings per 1°F thermostat adjustment ($2.97 vs. $1.32 per person-°F) is also greater than the energy-savings ratio.
The above comparison is surely among the extreme contrasts in energy, carbon, and monetary savings among the states, but it demonstrates that the same thermostat adjustment in regions of greatly different relative humidity could lead to a difference in savings that would be a large percentage of the savings at either place.
DISCUSSION
While we believe our approximation is good, this may be partly due to some biases cancelling each other. The use of 65°F as a base for degree-days in the commercial sector is almost surely too high. This is already well known in the civil engineering profession, but little documented in the literature. Rosenthal et al. (1995) included an adjustment for this effect in their modeling study. However, our study is empirical, and arbitrary adjustments to data are always risky. The National Climatic Data Center has planned to publish more than one set of CDD totals based on temperatures lower than, as well as equal to, 65ºF and we encourage this development as soon as possible. The result would be an increase in annual CDD and an increase in variance during months that have zero or a small number of CDD calculated from a 65°F base. The increased variance could possibly be related to electricity use. This would increase the savings we calculated, especially in the commercial sector.
Since this research was conducted, the ratio of natural gas to coal as fuel for electricity generation in the USA has increased appreciably. In the first few years of this decade, about 50% of USA electricity generation was fueled by coal and about 17% was fueled by gas. It is not unreasonable to assume that what was a 17/50 split will become a 33.5/33.5 split to obtain the 67% of the USA electrical energy supply provided by carbon-emitting fossil fuels. The effect on carbon emissions would be nontrivial, and is readily calculated from the amount of each type of fuel used and the amount of electrical energy generated from each fuel.
For a given amount of heat energy realized from combustion, natural gas emits only about 0.56 as much oxidized carbon as coal. The higher hydrogen/carbon ratio of natural gas means that more heat energy comes from hydrogen combustion, so less carbon emissions result. For a 33.5/33.5 percentage split between coal and natural gas to obtain 67% of the USA electrical energy supply, the result is 0.15 kg-C/kW-h emitted instead of the 0.175 figure we used. This would reduce our calculated annual carbon savings obtained for electricity in the regional study by about 0.6 Tg-C, or from 7.2 to 6.6 Tg-C, or to about 0.44% of the overall USA annual carbon emissions from all fossil sources. As noted in Section 3.3, this would be equivalent to erasing the carbon footprint of over 5 million automobiles, or of over 1.3 million people, which would be about the population of a Standard Metropolitan Statistical Area (SMSA) the size of Louisville/Jefferson County, KY-IN or of Memphis-TN-MS-AR (United States Census Bureau, 2012).
Comparing 2011 with 2001-2010 averages, USA carbon savings from fuel switching were about 17 Tg-C. However, according to EIA (2012b) net USA coal exports in 2011 had increased to their highest level since 1991, and would put about 34 additional Tg-C into the global atmosphere, depending on assumptions one makes about the carbon emitted per unit of heat realized from coal combustion. Natural gas exports added another 10 Tg-C. This fuel, imported by other countries, may have led to reductions in their fuel imports from nations other than the USA. However, counting internal use plus exports, the USA contribution to global carbon emissions is still increasing. Additional complications are introduced by the effects of changes in methane emissions resulting from the fracking process to produce additional natural gas. These effects are not yet known; some analyses (e.g., by Wigley, 2011 , Petron et al., 2012 suggest that fracking could affect the life cycle of natural gas use so as to make it more effective than coal combustion for increasing the "greenhouse effect." Other studies (e.g. O'Sullivan and Paltsev, 2012) suggest that this may not be the case.
Our first differencing removed unwanted statistical "noise" associated with corresponding trends in the variables involved. However, it also removed covariance associated with any climatic trends; the result contributes a low bias to our estimated savings of energy, carbon, and money. Additionally, extreme periods of heat typically require additional electrical energy that is "nonbase load" and results in a higher value of carbon emitted per kW-h generated. This also adds a low bias to our carbon-savings estimates. Not including propane and some heating oil in our calculations contributed an additional low bias.
Thermostat adjustments of more than 1°F are possible. What we have provided here is a scaling factor, so that a 2°F thermostat adjustment would save 7.2 X 2 = 14.4 Tg-C/year, or almost 1% (0.96%) of the nation's annual carbon emissions. This scaling factor would decrease as winter (or summer) climate approaches a comfortable level, so as to require space conditioning for a lesser fraction of the time.
CONCLUSION
We believe we have a reasonable scaling factor for estimating the savings in energy, carbon emissions and money that could be achieved by a 1°F thermostat adjustment in the residential and commercial sectors of the USA. Such an adjustment would save over 0.4 percent of the primary energy consumed in the USA and a similar percentage of fossil-fuel carbon emissions. More savings would come from heating than from cooling. Although cooling is less efficient from the standpoint of consuming primary energy, space comfort requires more heating than cooling in the climate of the USA. Qualitatively predictable regional variations are present; more energy would be saved in humid regions, as more energy is required to overcome the heat of water condensation, more heating energy is saved in northern regions etc.
If all residential and commercial buildings in the USA had thermostats adjusted by 1°F, or some combination of adjustments that would have the same effect, the result would be the same as erasing the total carbon footprint of over 1.3 million people. These carbon savings would almost exactly erase the carbon footprint of Jacksonville FL (assuming the average person there has the same carbon footprint as the average U.S. resident). For another comparison, the carbon savings we calculated would be about the same as eliminating over 5 million automobiles. Emissions of other pollutants such as oxides of sulfur and nitrogen would be reduced as well, and a typical American household would save around $30/year, depending on location. For a 2°F thermostat adjustment, the savings would be around $60/year, etc.
APPENDIX Effects of water heating
Variations in energy used for water heating depend primarily on the desired temperature T d , to which the water is heated and the water temperatures in the main lines, or "mains" which have an annual range of about 10-12°C (Burch and Christensen, 2007) . We assumed that values ranged from 4°C in winter to 16° in summer (more precisely, 40 to 60°F) in the northern census divisions and from 16° to 27° (more precisely 60-80°F) in the southern divisions. This is roughly 0.4 (0.6) times the annual temperature range in the north (south). Next, we estimated the standard deviation of the mains water temperatures as 0.4 times the standard deviation of the air temperature for a particular calendar month in the Northeast region, 0.6 in the Southeast and Pacific regions, and 0.5 in the Mountain region. Note that the fraction of the air-temperature variation is lower in the north where the mains must be buried deeper to avoid freezing.
For numerical calculations, we used January as a typical winter month and July as a typical summer month. These months are actually biased toward extremes; the standard deviation of a typical winter month is actually lower than January and the standard deviation of a typical summer month is actually greater than July. The net effect of these assumptions is to bias our heating corrections high and our cooling corrections low, so that overall we may be overcorrecting somewhat. However, these biases are all very slight.
From Table WH6 of the 2005 Residential Energy Consumption Survey (EIA, 2009) we may obtain a reasonably accurate measure of the total annual energy (E an ), and average monthly energy (E ma = E an /12) necessary to heat water to a desired temperature T d .
We then estimate the energy required (E w ) to increase the winter water temperature in the mains, T w , to the desired hot water temperature, T d , as proportional to the difference between T d and T w . where T an is the annual average water temperature in the mains. Similarly, to obtain an estimate of the average energy required for water heating in summer, E s :
where T s is the average summer temperature in the mains.
A winter (or summer) with mains water temperatures of one standard deviation below (or above) the mean would then require a standard deviation more E w + σE w , (or less, E s -σE s ) energy. The estimated standard deviation of energy use (electric, gas, or oil) for water heating was then weighted by the decimal fraction of households using each respective energy source for each region, to arrive at an adjusted standard deviation for water heating, σ(wh) adj . Because the thermally driven variance was taken to be from space conditioning plus water heating, the total thermally driven variance in energy consumption, V(T), is the total variance in energy consumption, V, times the variance in common with the degree-day variable:
V(T) = V•(R 2 ) = σ(wh) adj 2 ± 2σ(wh) adj • σ(sc) + σ(sc)
where σ(sc) is the standard deviation of the energy consumed for space conditioning. The standard deviation of the total energy consumed for a month is σR = σ(wh) adj ± σ(sc);
So that a typical departure would consist of a standard deviation due to water heating and a standard deviation due to space conditioning.
The fraction attributable to space conditioning would then be:
σ(sc)/σR Each calculated energy savings, carbon savings and dollar savings terms were multiplied by the fraction attributed to space heating (note that this would exceed 1.0 for CDD). As noted in the text, large corrections for the heating season tended to cancel large corrections for the cooling season, and the corrections involved varied by region.
The commercial sector was not investigated here; this exercise was simply to estimate the magnitude of corrections for water heating. In restaurants, for example, health regulations frequently require much higher water temperatures than many people have at home. Also, kitchen heat has to be offset for summer space conditioning, so that energy requirements increase for two reasons. In winter, kitchen heat reduces the energy need for space conditioning, but additional energy is required for water heating. These considerations can be better investigated after a more proper formulation of degree-days is established for commercial establishments.
